Bivalve shells contain a great deal of information about the animal's growth history and local environment. Opaque and translucent layers are observed in the outer shell of Corbicula japonica. Detailed imaging with scanning electron microscopy and laser microscopy show that microstructural features are di#erent between the two layers. The di#erence is mainly determined by the content of organic materials ; the translucent layer contains less organic matrix than the opaque layer. A marking experiment revealed that the translucent layers were formed in the period from early summer to winter, varying between individuals. If there is no formation of an opaque layer and shell growth rates are low in autumn, the translucent layer is accompanied by an annual ring on the shell surface. The period of formation of the layers is synchronized with the annual cycles of stable isotope values, especially with oxygen (d +2 O). By combining the observation of the shell structure with stable isotope analysis, the shell of C. japonica can be used to provide information for reconstructing ecology and estuarine environments in the past.
I. Introduction
Bivalve shells can contain a detailed record of the animal's growth history and environment, similar to other accretionary growth skeletons, such as corals or tree rings. The information stored within a bivalve's hard parts is very useful for the reconstruction of environmental changes. It is well known that bivalve shell chemistry holds a record of environmental change encountered by the animal. The carbonate shell can provide a record of oxygen isotope variations (d +2 O) that is often used as paleo-thermometer (e.g. Craig, +30/ ; Rye and Sommer, +32*). Growth-line analysis is also recognized as a useful method to investigate the life history and growth rates of clams and their response to environmental variation (e.g. Carter, +32* ; Dillon and Clark, +32*). Shell microgrowth patterns are useful for reconstructing tidal cycles or sea-level in the time and place the animal lived (e.g. Lutz and Rhoads, +32* ; Ohno, +323). Compared to many other carbonate skeletons (e.g. foraminifera, ostracods, nannofossils), the bivalve shell is very well suited for the reconstruction of detailed time series of environmental change covering the life of the animal.
Shell also contains a great deal of information on the age and growth properties of the animal. Age determination based on annual rings on the shell surface has been carried out in many marine bivalves (e.g. Orton, +3,0 ; Nakaoka, +33,). An annual ring is, in many cases, a slow-growth zone formed when the shell growth stopped in winter (winter break). The spawning break in shell growth is also recognized in many marine bivalves (e. g. Rhoads and Pannella, +31* ; Sato, +33/).
Though marine bivalves have often been the objects of such studies, applying these techniques to brackish water bivalves has not been common. As environmental variation associated with climate change may be amplified at the boundary between land and sea, studies of environmental records stored in the shell geochemistry and microstructure of brackish bivalves become more valuable.
Corbicula japonica is an endemic bivalve associated with the low salinity brackish environment. It inhabits brackish lakes and estuaries from Hokkaido to Kyushu in Japan, and is a very important species for inland fisheries in Japan (Nakamura, ,***). Paleo-environmental information can be provided from the shells of C. japonica, not only from fossil deposits but also from shell middens associated with ancient human habitation.
Kobayashi and Takayasu (+33/) studied shell microstructure of Japanese brackish-water corbiculids in detail and observed that the outer shell layer of C. japonica is composed of the complex crossed lamellar structure (finely-crossed type). Takayasu et al. (+330) carried out a marking experiment to examine the process of microgrowth increments of C. japonica in Lake Shinji, and found that the microgrowth pattern showed neither cyclicity nor periodicity. They suggested that the formation of microgrowth increments was most likely influenced by complex changes in the brackish water environment as well as by physiological rhythms and individual variation in these physiological factors.
On the contrary, several studies on shell growth and age determination of C. japonica were carried out based on annual rings in shell (Utoh, +32+ ; Takada et al., ,**+ ; Oshima et al., ,**.). Although some specimens have clearly recognizable annual rings, it is usually di$cult to identify annual rings on the shell surface, owing to the thick, dark colored periostracum and the existence of irregular concentric rings covering the surface of the shell. Utoh (+32+) observed that the annual ring is associated with the translucent layer within the mineralized shell of C. japonica, collected from Lake Abashiri. He recognized that the shell of C. japonica has two characteristic layers, translucent and opaque, and he suggested that the translucent layer is formed when the shell growth rate is low. The translucent layer has been recognized in other bivalves, e.g. Anadara (Kobayashi, +310), Gomphina (Kobayashi, +313), Mytilus (Hosomi, +323), and been regarded as an annual marker. Kobayashi (+310) reported that shell structure of the outer shell layer of Anadara broughtonii changes between crossed lamellar and composite prismatic structures alternately, and that the crossed lamellar structure is rather translucent and formed accompanied with a slowgrowth zone. Hosomi (+323) observed white rings corresponding to the translucent layer in shells of Mytilus galloprovincialis, and used them for age determination. But he did not describe the microstructure of the increment nor the time of formation of the rings, and whether it is related to environmental factors or not. Prezant et al. (+322) investigated color change in freshwater Corbiculid shell layers, and argued that color change occurs when an animal is exposed to a significant stress. This change is between purple and white layers in the shell. Kobayashi and Takayasu (+33/) also mentioned that the calcareous shell layers of Corbiculidae species are composed of wider dark and narrower light band arranged alternately. These probably correspond to the translucent and opaque layers, but there has been no detailed observation or description of these shell layers in the literature.
Before shell layers can be used as the basis of studying variation in the brackish water environment, more work needs to be done on shell structure and growth banding, particularly factors controlling opaque and translucent layers. The purpose of this study is to describe the structural di#erence between the opaque and translucent layers and to document the formation of the two layers. Finally we will examine the possibility of using these layers for the age determination, growth analysis, and paleo-environmental reconstruction.
II. Materials and methods

+. Materials
Living individuals of Corbicula japonica were collected between December +333 and June ,**/ from Lakes Shinji, Jinzai, and Nakaumi, eastern Shimane Prefecture, southwest Japan (Fig. +) . Specimens used in this study were about , cm in length, typical of adult-size clams. They lived in shallow water along the coast of these brackish lakes. Because the tidal amplitude in these lakes is very small, clams remain covered by water at all times.
The salinity of the water at the habitat of C. japonica in Lake Shinji is about / psu. That of Lake Jinzai is somewhat variable, between -῍ +2 psu. The salinity of the shallow water in Lake Nakaumi is higher, +* to ,* psu. The water temperature ranged from , to -,῏ in all the lakes.
,. Observation of shell structure A single valve from each specimen was sectioned from umbo to the ventral margin to examine the shell structure. The sectioned valve was observed with a binocular microscope, and the thickness of the layer formed each month was measured. Then it was polished and etched with *.+N HCl for -* seconds or + minute. The surface was coated with PtῌPd or Au by ionsputtering. The section was then observed using a binocular reflected-light microscope (Leica MZῌ+*), a laser microscope (KEYENCE, V+/**) and a scanning electron microscope (SEM : JEOL JSMῌ/2** and HITACHI Sῌ2**). Scanning electron micrographs in this paper are secondary emission images (SEI) taken at accelerating voltages of /4* or +* kV. A laser microscope (KEYENCE VKῌ2/**) was used to produce a -D image of the etched shell section.
The outer shell layer of one sectioned valve was sub-sampled at fine spatial resolution (*4. mm thick layers) along the shell surface to examine the change of oxygen and carbon stable isotope values throughout growth and in relation to shell layers. A gas-ratio mass-spectrometer (Finnigan MAT delta S) was used to measure the oxygen and carbon stable isotope ratios. Analyses were calibrated relative to the PDB standard and the standard deviation of repeated internal standards was less than ῎*.*/ῐ.
-. Field experimental methodology A field experiment was conducted to analyze the growth of the C. japonica and to test the timing of formation of the translucent layer.
Two artificial ponds were used for culturing C. japonica beside Lake Jinzai. Brackish lake water was continuously supplied to the ponds. Pond dimensions were +* m in length, / m in width and ,*῍0* cm in depth.
Clams were distributed throughout one of the ponds at a density of ,4* kg/m , in wet weight. This density was determined at the conclusion of another unrelated study using these bivalves (Maeda et al., ,***). The average initial wet weight of the individuals was -4-g on 1 th March ,***. This experiment was restarted on +* th April ,**+, and the initial wet weight of clams averaged ,42 g.
The clams were collected at random from the artificial pond using three -*῎-* cm quadrats every month. The specimens were brought to the laboratory and a number of growth related variables were measured (wet weight, shell length, shell height, shell width, wet flesh weight, dry flesh weight and ash weight). Mean animal size was calculated from these values every month. The new generations entered into the pond after the start of the experiment were excluded from the average, as they could be detected easily by the di#erence in shell size. Condition index value (C.I.) was calculated to represent the body mass status in the shell. Condition Index is defined as below (Suemitsu et al., ,**+) ; C.I.῏AFDWῌῌSH῎SL῎SW῍ AFDW : ash free dry weight of soft parts, SH : shell height, SL : shell length, SW :
shell width To examine the time of formation for translucent and opaque layers, .0 clams were labeled with numbers and enclosed within a cage in the pond. These .0 individuals were numbered on the outer shell surface (Fig. ,ῌA) . These numbered individuals were cultured in the cage for one year, from 1 th March ,*** to , nd March ,**+. The position of the shell edge was marked every month by peeling the periostracum back slightly with small knife blade (Fig. ,) . Shell height of each individual was measured with a caliper at the time of edge marking. The marked specimens were recollected from the cage after the field experiment and brought to the laboratory. After each shell was cross-sectioned and polished, the period of formation of each shell layer was identified by referring the shell height of each month and the shell edge marking trace in the cross section.
Monthly growth rate was normalized as the length of shell increment per day, calculated from the increase of shell height and the number of days of the experimental period.
III. Results
+.
Occurrence of the translucent, opaque and semi-translucent layers Alternating translucent and opaque layers were observed on the transverse shell section of Corbicula japonica using an optical binocular microscope (Fig. -) . Opaque layers made up a large majority of the shell.
The translucent layer is the bright layer in the transmitted light image ; however it appears as a dark layer in the reflected light image because it absorbs light (Fig. -) . The opaque layer has the opposite appearance, e.g. it is bright in the reflected light image as it reflects light (Fig. -) .
There is also a type of layer with intermediate characteristics, semi-translucent. This layer is mainly seen adjacent to the ventral side of the opaque layer. Because light is scattered within both the translucent and semi-translucent layers, the boundary of these layers is not clear under the binocular microscope.
,. Shell structure (SEM Observation)
The outer shell layer of C. japonica is composed of the complex crossed lamellar struc- ture (finely crossed type) as Kobayashi and Takayasu (+33/) reported. Both translucent and opaque layers are composed of this complex crossed lamellar structure. On a fine scale, however, the appearance of these two layers is very di#erent (Figs. .ῌAῌF).
In the scanning electron microscope image, the translucent layer appears as a white zone, while the opaque layer appears as a dark zone (Fig. .ῌG) . Many micro growth striations with a width of a few micrometers can be seen in a dense pattern on the etched surface of the opaque layer (Figs. .ῌA, C). These striations are grouped into distinct growth lines of +* to ,* mm intervals (Fig. .ῌA) . The opaque layer is characterized by many weak lines and a few strongly defined ones. In contrast only a few strong growth lines at about +* mm interval spacing are recognized on the surface of the translucent layer (Fig. .ῌB) . The strong growth lines in the translucent layer seem to be interruptions of the crystal growth (Fig. .ῌD) , while the weak striations in the opaque layer do not necessarily represent breaks in microcrystallite growth (Fig. .ῌC) .
At higher magnification, the microcrystallite surfaces are also di#erent. In the opaque layer the etched surface of the microcrystallites has a smooth and rounded appearance (Figs. .ῌC, E), while that of the translucent layer has a rough and angular appearance (Figs. .ῌD, F) . In the opaque layer, the organic matrix which originally enclosed the lamella but now remains behind after the etching of calcium carbonate crystals, is present in the image and causes the smooth surface (Fig. .ῌE) . In contrast, little organic matrix remains on the etched surface of calcium carbonate crystals in the translucent layer (Fig. .ῌF) . Here the crystals are deeply etched and this results in a rough and porous surface. This rough surface induces edge e#ects in the SEM and the translucent layer appears as a bright region in the SEM image (Fig. .ῌG) . Figure / shows a fractured section of the two layers. The di#erence between the two layers is not clear in fractured sections, and any di#e-rence is subtle. The crystal cleavage surface appears clearer and sharper in the translucent layer than in the opaque one. No porous structures are seen in the fractured section of the translucent layer, which suggests that the porous texture of the etched sample is the result of corrosion by the etching process (Fig. .ῌF) .
To estimate the corrosion resistance of the two layers, a specimen was observed by the laser microscope with the computer image processing system to check the surface topography. Figure 0 shows the boundary of the two layers. The -D profiling image shows the high resistance of the opaque layer to corrosion (Fig.   0ῌB ).
-. Layer boundaries and the semi-translucent layer At the transition from opaque to translucent layers, the boundary is sometimes not clear (Figs. -and .ῌG) . A reflected light image of the latter shows that an intermediate transitional zone exists between the two layers. This intermediate zone is a little more translucent than the opaque layer. This "semi-translucent layer" is also recognized by SEM observation (MD in Fig. .ῌG) , where the semi-translucent layer has the intermediate features between the opaque and translucent layers (Fig. .ῌH) . The etched surface of semi-translucent layer is rougher than that of the opaque layer, but the organic matrix can be seen forming micro-growth lines like the opaque layer.
.. Stable isotope chemistry There is a tendency for the translucent layer to be formed when the isotopic value is increasing rapidly, while the opaque layer is primarily formed during the gradually decreasing isotopic values. This pattern of change in the isotopic ratios is especially apparent in d
+2
O, which is best synchronized with the formation of the shell layer types. The length of one isotopic cycle on the shell section gets shorter as the shell grows.
/. Culturing experiment +) The timing of translucent layer formation The annual survival rate of the C. japonica in the artificial pond was about /*῍. Twenty individuals of the marked clams were recollected after the experiment and used to document the period of the shell layer formation. The growth period and the type of layers were determined by referring visible edge marks in a polished shell cross-section to the record of shell height for each month. The shell layer type was evaluated under the binocular micro- ,**0 ῐ +* ῏ Shell layers in Corbicula japonicascope. As the precise boundaries of the semitranslucent layer were di$cult to identify, the semi-translucent layer is included in the translucent layer classification. The timing of translucent layer formation was di#erent among individuals (Fig. 2ῌC) . The formation of the translucent layer began in May or June for some individuals, and the majority had begun producing translucent layers by late summer. Some individuals stopped forming the translucent layer and began to form the opaque layer in autumn (Fig. 2ῌA) . Other individuals formed the translucent or semi-translucent layer in autumn, but the thickness of the translucent layer in autumn was very thin in these individuals, as discussed below. In the last cases, growth of the translucent layer was slow throughout the summer Fig. 1 Cross section of C. japonica used for stable isotope analysis The shell of C. japonica was collected in Lake Shinji (entrance of Ohashi River) in December +333. A) Photograph using an optical microscope. White lines are the cutting markers, B) SEM image of A. C) Location of sample numbers +ῌ-., D) Corresponding variation of shell layer types and isotopic values.
and continued into winter period, forming one translucent layer (Fig. 2ῌB) . In some individuals, two translucent layers were formed during one year, in May and autumn, but the layer formed in May was very thin.
,) Shell growth rates Seasonal change of the average growth rate is shown in Figure 3ῌA . The clams grow rapidly from spring to early summer, but the growth is apparently inhibited in August. While a small amount of growth is recognized in autumn, growth stopped during the winter months. Shell height is reduced by a small amount from December to January, resulting from shell corrosion during the winter dormancy. Figure 3ῌB shows shell height of individual numbered specimens. Almost all the individuals increased in size from May to July. From August to September, most individuals showed very little growth, although some continued to grow. From October to November some showed moderate growth, but others showed little change. Individuals that showed considerable growth in autumn produced the opaque layer during that period, while those that showed only little growth built translucent layer shell. The condition index (CI) represents the relationship of soft tissue mass to valve size. The soft parts within the shell increased in mass from spring to early summer, decreased throughout summer, and increased again from autumn to early winter (Fig. +*) . In winter, CI decreased slightly. The average trend in CI follows this pattern every year in both the artificial pond and in Lake Shinji.
-) Condition index and dry tissue weight
0. The translucent layer in C. japonica in Lake Nakaumi Figure ++ shows a shell cross-section of C. japonica collected from Lake Nakaumi. The opaque layer is clearly dominant. Although the translucent layers are present, they are very thin. The annual ring (representing a period of slow/no growth) is recognized accompanied by the thin translucent layer.
IV. Discussion
+. Significance of the translucent layer
This study shows that the opaque and translucent layers of Corbicula japonica have di#e-rent microstructure characteristics as seen in scanning electron microscopy, although both are composed of the crossed lamellar structure. The translucent layer is thought to include less organic matrix among the calcareous shell material than the opaque layer, based on the response to shell etching. The di#erence in cleavage faces in the fractured sections indicates that the crystals of the translucent layer are larger, more regular, and incorporate little organic matrix. The lack of organic inclusions within the lamellar matrix probably results in the higher transparency of the translucent layer.
It has been suggested that the modification of shell structure serves a functional purpose in some bivalves. The chalky layer developed within the shell of oysters, for example, is a modification of the foliated layer (Yamaguchi, +33. ; Chinzei, +33/) . In this case, calcite folia grow rapidly forming a box-work structure, resulting in a porous structure within the foliated layer. This box-work layer is very fragile but allows for very rapid inflation of the shell form by the addition of fast-growing shell at low metabolic costs. Chinzei (+33/) also pointed out that the chalky layer provides a functional advantage by contributing to a light-weight shell. In contrast, when a porous structure is present in the translucent layer of C. japonica (Fig. .ῌF) , it is formed by the corrosion of the shell material and is not part of a functional strategy producing lightweight shell structures. The translucent layers can be seen in the shell of some photo-symbiotic bivalves (e.g. Ohno et al., +33/ ; Carter and Schneider, +331) . These transparent layers are used to keep the photosymbiotic algae within the mantle of the bi- Oct. ,**0 Yamaguchi, K., Seto, K., Takayasu, K. and Aizaki, M. valve (e.g. Fragum fragum). The translucent domains of the shell consist of fibrous prismatic structures in these species (Cardioidea). There are no reports of C. japonica keeping photo-symbiotic algae, and therefore the translucent layer most likely does not have a special function, rather it is produced by some constraint of shell construction, most probably the low content of organic material.
Some studies have shown that translucent and opaque layers make an annual cyclicity (e.g. Kobayashi, +310 ; Utoh, +32+ ; Hosomi, +323). Kobayashi (+310) studied the structural change of outer shell layer of A. broughtonii. He showed that the composite prismatic structure (opaque layer) was formed from spring to autumn, while the crossed lamellar structure (translucent layer) was formed in winter. In the case of C. japonica, in this study, however, both the translucent and opaque layers are composed of the crossed lamellar structure. Thus the intermediate "semi-translucent" layer is available in this case. Moreover, in the crossed lamellar structure of C. japonica in this study, the translucent layer is formed at variable times by di#erent individuals and in both the warm period and cold season of the year. This indicates that the change of appearance in the crossed lamellar structure does not depend on water temperature. Rather the translucent layer is formed when the animal's resources require limiting the metabolic cost of producing new shell material as discussing below.
,. Timing of the translucent layer
The marking experiment revealed that the timing of translucent layer formation was variable among individuals ; although mainly in the summer, it varied between May and winter. This indicates that the formation of the layer depends on some internal physiological process, one that can vary between individuals. Most likely it is related to reproductive activities. The condition index shows the reduction of soft part mass occurs from June to October (Fig. +*) . The decrease of the condition index is most likely driven by reproduction. The spawning period of C. japonica has been identified as from June to October in Lake Shinji by Sakamoto (+323), or as "mainly in summer" by Nakamura (,***). This corresponds to the main period of translucent layer growth. Spawning represents the largest demand on organic material production for clams. Thus the allocation of organic material to shell matrix may be decreased at the same time that the soft body mass is reduced and the animal requires more energy and organic material to invest in reproduction. A distinct spawning break in shell growth is observed in some bivalves, e.g. Malletis sp. (Rhoads and Pannella, +31*) and Phacosoma japonicum (Sato, +33/), but is not clear in C. japonica. The spawning period of C. japonica is very long in warm lakes like Lake Shinji, compared to those bivalves, and therefore shell and gonad growth may both occur during a significant portion of the year. We suggest that this leads to the production of a shell type that is energetically more economical rather than a complete cessation of shell growth.
In summer, moreover, the time of highest water temperature (sometimes higher than -*῍ in these lakes) is associated with reproduction. Metabolic activity becomes higher as the water temperature increases, but filtration rate is reduced above ,/῍ (Nakamura et al., +322). This indicates that the clam is also stressed by high water temperatures. This suggests that both increased reproductive demands and reduced food intake occurs in mid summer, leading to a lack of organic material availability. This is the most likely reason that in August most of the individuals produce translucent layers of the shell (Fig. 1) .
In some individuals the translucent layer is constructed from autumn into winter. C. japonica burrows deep into the sediment when the water temperature falls lower than /ῌ+*῍ in winter (Goshima et al., +333) . The animal accumulates a nutritional reserve for the winter dormancy as indicated by the condition index (Fig. +*) , which also results in the reduction of the allocation of organic material to shell matrix. The thickness of the translucent layer formed before the winter dormancy is very thin, because the rate of shell growth in the clam is very low at this time. The growth of the soft body in autumn mainly refills the shell cavity after the condition index has been reduced during the summer.
In the case of adult C. japonica resident in ,**0 ῏ +* ῎ Shell layers in Corbicula japonicaLake Nakaumi, the translucent layer is very thin (Fig. ,) . This is most likely a layer constructed during the accumulation of nutrition reserves for the winter. The growth rest zone, produced by the winter growth-cessation, can be seen just after the formation of the thin translucent layer. In this specimen a translucent layer produced by spawning stress is not recognized. Baba et al. (+333) indicated that adequate temperature and salinity is important for C. japonica to produce a healthy reproductive condition of the gonads. The salinity of Lake Nakaumi is much higher than that of Lakes Shinji and Jinzai, and the high salinity may have reduced the reproductive activity of this species and led to minimal production of a translucent layer during spawning. Utoh (+32+) thought that the translucent layer is formed when the shell growth rate is decreased. This does seem to be the case in the translucent layer formed in autumn to winter, but the experiment in Lake Jinzai revealed that the translucent layer formed in June or July is produced during a time of high growth rate.
Thus the formation of the translucent layer is not controlled by water temperature or growth rate. It is much more closely tied to times when the allocation of organic material to the shell matrix is reduced.
-. Shell layers, age determination, and environmental analysis The winter break, recognized as a resting, or no-growth, zone in the shell surface is used for age determination in many bivalves (e.g. Nakaoka, +33,). Utoh (+32+) demonstrated that the annual ring in C. japonica from Lake Abashiri is a brown line on the shell surface and is correlated with the translucent layer. He thus regarded the translucent layer as the annual ring and used it for age determination. In many cases for shells of C. japonica in Lakes Shinji and Jinzai, however, it is di$cult to identify annual rings on the external shell surface, owing to the dark colored and thick periostracum and to the existence of many irregular concentric rings. This makes the age determination of these clams di$cult. The marking experiment in Lake Jinzai showed that the amount of shell growth in autumn is di#erent among individuals in this study. In the cases where autumn growth is small, the translucent layer is formed from summer through the autumn and into winter (Fig. 2ῌB) . In these cases, the layer is broad and continuous through the last half of the year, producing a marker of the annual layer. Shell growth of C. japonica in Lake Shinji, investigated by Oshima et al. (,**.) , increased as the water temperature became higher, but stopped in August and did not resume in the autumn or winter. In these cases, the formation of the translucent layer is limited to just before the winter growth break, and it can be used as the annual ring for judging the age of the clams. In a colder region, such as Lake Abashiri, shell formation of clams is limited to the early summer season ; they grow only from May to July and show no growth in autumn (Utoh, +32+) . Moreover their reproduction activity is limited to mid summer, from July to August. Thus shell formation is limited to the period before spawning. In Lake Abashiri water temperature declines rapidly in autumn and remains low from October to May. These factors lead the annual rings to correspond to a growth break beginning in late summer and stretching into the next spring. So the formation of the translucent layer always corresponds to the winter growth break in these cases. This is not always the case, however. Individuals showing relatively high growth rates in autumn produced opaque shell at that time (Figs. 2 and 3) . In the artificial pond of Lake Jinzai, two translucent shell layers can be formed within one year ; in summer and before winter. These two translucent layers are very di#erent in appearance. The layer formed in summer is relatively thick because the animal continues shell growth during the allocation of resources to reproduction. The layer formed just prior to winter is very thin because shell formation is reduced when water temperature becomes lower. Thus the translucent layer can be counted as an annual ring, provided that thin translucent layers are not included in the number.
Oshima et al. (,**.) removed the periostracum before identifying and counting annual rings on the shell surface. This may be a useful method to easily count annual translucent lay-ers. A thick translucent layer creates a dark region on the surface of the mineralized shell. The translucent layer seems to be a more easily identified annual landmark in the shell than the resting zone on the shell surface.
As the example of the shell grown in Lake Nakaumi shows, reduced reproduction in more saline waters results in the availability of more organic matter for shell growth and, just as a juvenile before reproductive maturation, the animal does not pay a large metabolic cost for reproduction and produces only a thin translucent layer prior to winter. This shows that careful consideration is required when shell layer characteristics are used for the age determination, especially for small shells.
The timing of each shell layer's growth is closely related to the variation in stable isotope ratios in the shell, especially the d +2 O value of the shell layers (Fig. 1) . The oxygen isotope ratio of carbonate shells has been used as a paleo-thermometer in the marine environment (e.g. Craig, +30/ ; Rye and Sommer, +32*). In this study we observed that the translucent layers were constructed in the period from summer to winter (isotope regions [,] summer to [-] autumn in the sequence discussed above). Moreover, the gradually declining isotope ratios (isotope region [+] in the sequence) within the opaque layers suggest that the shell grows rapidly from spring to early summer. These trends are consistent with the interpretation discussed above. Thus in cases where there is uncertainty about whether the translucent layer is annual or not, stable isotope ratios will help clarify the issue. Of course, if the data is available, cycles in the d
+2 O values within the shell will illustrate the growth and age of the clam, as can be seen in the decrease of annual growth rates shown in Figure 1ῌD .
The isotopic values, however, also vary with changing salinity (e.g. Ingram et al., +330 ; Dettman et al., ,**.). The collection location of this specimen was the Ohashi River, where the salinity tends to change daily. The isotope profile from this specimen indicates that the influence of temperature upon the stable isotope composition of the shell is greater than that of salinity. This process may be reinforced if the clam closes its valves or ceases its shell growth when the salinity of the surrounding water changes rapidly due to estuarine conditions. On the other hand, the low d +2 O value of sample no. ,, and the high value of no. 2 may reflect low salinity and high salinity events in the water derived from Lake Shinji. In order to discuss the relationship between the water quality and isotopic values in the shell layers, higher resolution sampling, using a micro-drilling method, of shell layer material is required (Dettman and Lohmann, +33/) . The combination of observation of the shell structure and stable isotope chemistry analysis, as shown by this study, provides a powerful tool for reconstructing or analyzing estuarine and coastal environments.
Growth-line analysis is a useful method in the study of the life history and growth of bivalves and their environment. The pattern of micro-growth increments in samples of this study shows neither cyclicity nor regular periodicity, similar to the observations of Takayasu et al. (+330) in Lake Shiji. This study demonstrated that the opaque and translucent layers have di#erent patterns in growth striation lines ; the growth striations in the opaque layer consist of both strong (i.e. well pronounced and clearly visible) features (at +*ῌ,* mm intervals) and numerous weak lines (at a few mm intervals), while those of the translucent layer are only strong ones (at ῌ+* mm intervals). The daily shell increment in May was over .* mm on average (Fig. 3ῌA) . About +* weak striations could be formed per day in the opaque shell layers when the shell is growing rapidly. Judging from these observations, the weak striation in the opaque layer is formed by a frequent change of the environment at the shell growth surface, such as opening and closing the valves. The strong growth lines seem to be growth breaks in the construction of the shell, but the factor controlling the periodicity of the break is not clear because of the irregularity of the intervals. This is the subject of additional study in near future.
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